The sedimentation coefficients of dsRNA segments of bovine rotavirus were determined in the analytical ultracentrifuge. The eleven segments were separated by preparative gel electrophoresis, and isolated by elution from gel pieces . The RNA was labelled by the intercalating fluorescent dye ethidium bromide at a ratio bound dye per base pair between 0.003 to 0.018. The analytical ultracentrifuge was equipped with a fluorescence recording optics. Sedimentation coefficients could be determined with amounts of RNA as little as 8 ng. All sedimentation coefficients were extrapolated to zero-concentration, zero-dye binding, and zero-impurities from the preparative gel electrophoresis. The hydrodynamic model of flexible cylinders was applied for the interpretation of the sedimentation coefficients. All dsRNA segments of rotavirus (663-3409 base pairs) and the dsRNA5 of cucumber mosaic virus (335 base pairs) fit the modej of a "worm-like" or flexible gylinder with a persistence length of 1125 A and a hydrated diameter of 30 A. The results are compared with data from the literature on the persistence lengths of the B-and Z-forms of dsDNA and of viroids.
INTRODUCTION
Double-stranded (ds) RNA is found in nature in several forms: Certain groups of viruses, e.g. the Reoviridae (1), the birnaviruses (2), some mycoviruses (3) and bacteriophage <J>6 (4) contain dsRNA as genomes. From other viruses and bacteriophages with single-stranded genomic RNA, double-stranded forms may be extracted from the infected host. In the latter case it is often not clear whether the double-strands are formed during the extraction procedure or whether they function as replicative intermediates (5) (6) (7) . In some plant viruses as cucumber mosaic virus and peanut stunt virus, satellite RNAs are present in both forms, as single-strands and in large excess as double-strands (44). In yeast, pieces of dsRNA, the so-called killer factors code in a plasmid-like fashion for toxin specificity (8, 9) . The formation of RNA double-strands has also some importance as a laboratory technique because it is used in the most sensitive hybridization procedure (e.g. 10, 11) .
Structural and thermodynamic features have been studied less extensively for dsRNA than for dsDNA (cf. 12) . These studies have been carried out mostly with synthetic polynucleotides; the results, however, are characteristic for particular periodic sequences used in those studies, and possibly do not hold for natural RNAs. Aspects of the conformation of dsRNA in solution, such as their structural flexibility or "stiffness" have not been studied so far. Current theories about the stiffness of "worm-like" chain polymers (13) (14) (15) (16) allow the calculation of their hydrodynamic behaviour as a function of contour length. The stiffness is quantitatively expressed as the persistence length, which is defined at every given point of the polymer as the tangential distance over which the direction of the chain persists before the direction of the chain is distributed randomly due to bending. The persistence length is known for dsDNA in the B-form (17) (18) (19) (20) and in the Z-form (20), but not in the A-form. DNA in the A-form and dsRNA are structurally very similar (12) . Therefore, the determination of the persistence length of dsRNA would add to the knowledge about the solution properties of nucleic acids.
In the present paper the persistence length of dsRNA was determined from the sedimentation coefficients of the 11 RNA segments of rotavirus, a genus of the Reoviridae family (1) . These RNA segments were used because their lengths are known from sequencing (21-27) and electron microscopy measurements (28). The sedimentation of RNAs was carried out in an analytical ultracentrifuge with a fluorescence detection system using only very small amounts of RNA which was non-covalently labelled with ethidium bromide at a low dye/polymer ratio. The influences of dye staining, of RNA concentration and of impurities on the measurements could be eliminated.
MATERIALS AND METHODS

Cells, virus and preparation of viral RNA
The tissue culture-adapted bovine rotavirus (brv; UK Compton strain) was replicated at low mutiplicity of infection in roller cultures of MA104 cells (obtained from Microbiological Associates through laboratory Dupex Ltd, U.K.). Growth, harvest and purification of virus were as described previously (29, 30) . The RNA was extracted as described (29, 30) Separation of the segments of rotavirus RNA About 100 ug of RNA were dissolved in 100 ul TE buffer (10 mM Tris HC1, 1 mM EDTA, pH 7.3). This material was electrophoresed in five slots of a preparative 2.8% polyacrylamide 6 M urea slab gel (acrylamide/bisacrylamide = 20/1, 16 cm long, 3 mm thick, with 1.2 cm broad slots). Electrophoresis was carried out at room temperature using Loening's buffer (30 mM Tris, 36 mM sodium dihydrogenphosphate, 1 mM EDTA, pH 7.8) with circulation of the buffer. When the xylene cyanol FF dye nmarker had reached the bottom of the gel (after about 20 hours), the electrophoresis was stopped, and the gel stained with 0.5 ug/ml ethidium bromide. The visualized RNA containing bands were excised from the gel, bands of the same position in different slots combined, homogenized by passing them through a syringe needle (0.2 mm inner diameter) and eluted overnight in a total volume of 2 ml (including the gel) of 0.5 M ammoniumacetate, containing 10 mM MgC^, 1 mM EDTA, and 0.1% sodium dodecylsulfate (SDS) (31). Pieces of the gel matrix were pelleted several times, and the nucleic acid was precipitated from the supernatant by adding 2.5 vol. of ethanol for 1 hour at -70°C. After centrifugation at 5.000 g for 30 min the pellets were dried in vacuo and redissolved in 100 pi of 10 mM sodium cacodylate, 500 mM NaCl, 1 mM EDTA, pH 6.8. The solution was then dialysed three times for 24 hours against the same buffer. The final volume of the different RNA samples was between 200 and 400 pi.
The purity of isolated RNA segments was checked in the same gel system using 1 mm thick slab gels. The RNA was silver-stained by a procedure similar to that of Sammons et al. (32) . In brief, the gel was shaken twice for 5 min in 10% ethanol, 0.5% acetic acid, then for 15 min in 10 mM AgNO 3 , followed by four times shaking in distilled H2O for 15 s. Subsequent treatment was in a fresh solution of 375 mM NaOH, 2.3 mM NaBH 4 , 0.4% HCHO (37% w/v) for no more than 10 min and finally in 70 mM Na 2 C03 for 5 min (29).
Analytical ultracentrifugation with fluorescence detection
Sedimentation coefficients were determined by analytical ultracentrifugation. A fluorescence detection system for the analytical ultracentrifuge Spinco Model E has been developed in our laboratory (33,34). All experiments were carried out in the dialysis buffer (10 mM sodium-cacodylate, 500 mM NaCl, 1 mM EDTA, pH 6.8).
The double-stranded RNA segments were labelled with the intercalating dye ethidium bromide for fluorescence detection. The dye was excited at the 514.5 nm line of an argon ion laser. Emission light was filtered by an long pass ( A>550 nm) interference filter (Laseroptik GmbH/Garbsen, FRG), absorption edge filter KV 550 (Schott, Mainz), and a band pass interference filter NAL 600 (Schott, Mainz). Sedimentation runs were performed in a 4-hole-rotor TiAN-F at 44,000 rpm for larger segments and 52,000 rpm for 
RESULTS
Analysis of isolated bovine rotavirus RNA segments by gel electrophoresis Fig. 1a shows the electrophoretic separation of bovine rotavirus RNA segments of the preparative gel, and in Fig. 1b the testing of the isolated segments for purity is presented. Most isolated segments were not contaminated by others except segments 2 and 3 and segments 7-9 which could not be separated. The separation is similar to that shown by Taylor et al. (30) .
Ultracentrifugation Concentration of isolated segments
The concentrations of the isolated segments were too low for determination by UV spectrophotometry. Therefore, concentrations were evaluated by ultracentrifugation from the hight of the sedimenting RNA boundary after staining with a large excess of ethidium bromide. For the RNA concentrations P Q follows:
where D Q denotes the concentration of total dye, D b the concentration of bound dye, Kg the binding constant, and n the number of binding sites per polymer. D^ is obtained from the ratio of the fluorescence intensity Fŝ edimenting with the RNA over the fluorescence intensity not sedimenting F f : Sedimentation coefficients, concentration dependence, and dependence upon binding ratio Fig. 2 shows two examples of sedimentation profiles obtained in the same run. In both figures all scans are depicted from the same cell but at different times. Both examples are taken from experiments with segment 2: Fig.  2a shows the profiles of the highest concentration used, i.e. 9 * 10"° M base pairs, and Fig. 2b the profiles of the lowest concentration used, i.e. 1 -10"° M base pairs; the concentrations correspond to total amounts of 240 ng and 27 ng nucleic acid, respectively. The experiment in Fig. 2b may be regarded as being close to the limit of sensitivity of the instrument. The lowest amount of nucleic acid from which a reliable sedimentation coefficient was evaluated, was 8 ng. However, it is not the concentration of 6, 10, 11; (b) segments with a different dependence: segments 3 and 5. Segments 7-9 were lost during dialysis. The concentrations of the stock solutions were the following: 1 " 10"' M base pairs for segments 1, 2, 5; 7 * 10 M base pairs for segments ^, 6, and 3 " 10 M base pairs for segments 3, 10, 11. base pairs which is critical but the concentration of intercalated dye which in this case was 3 • 10' 9 M ethidium. Sedimentation coefficients were determined at varying RNA concentrations and at varying ratios of bound dye per polymer. From all segments, four dilutions, i.e. 0.9, 0.6, 0.3, 0.1 of the stock solution, were prepared for the measurements. Total concentrations of dye were chosen to vary the ratio of bound dye per RNA base pair in the same manner as the RNA concentration. Consequently in Fig. 3 the svalues are given as dependence upon the RNA concentration and the ratio of bound dye per base pair. Only 0.3% to 1.8% of all neighbored base pairs contained an intercalated ethidium. Since both dependences chosen are proportional, they extrapolate to zero at the same ordinate. Only the lowest concentration of RNA (0.1 times that of the stock solution) was stained with 0.3% instead of 0.2% because of the limit of sensitivity for the fluorescence detection. All s-values of one segment were determined in the same run using the four cells of the TiAN-F rotor.
The results in Fig. 3a show that the dependences described above of segments 1,2,4,6,10, and 11 were very similar. Only segment 3 showed a lower The numbers of base pairs of rotavirus RNA segments were determined by sequencing (segments 6-11 (21-27) ) and by electron microscopy (segments 1-5 (28)). The Sgo w" values are extrapolated from Fig. 3 for dilution V = o, intercalated dye per RNA V= o. The values for dsCARNA5 are taken from ( l t3,'t l t).
and segment 5 a higher dependence (cf. Fig. 3b ).
A priori, three effects may influence the s-value of a double-stranded nucleic acid. First, the concentration dependence of the s-values (40) is not expected to be significant in the present measurements because all RNA concentrations are extremly low and the molecular weights are only in the intermediate range. Second, one may estimate that the decrease of the svalue (41) due to the increasing length of the RNA after the intercalation of the dye is insignificant because very low ratios of dye bound per polymer were used. This conclusion is confirmed by the finding that varying the ratio of bound dye in the range of 0.3% to 1. 8% whereas the RNA concentration was kept constant did not alter the experimental s-values (data not shown). We consider a third influence as most significant. Impurities from the gel matrix after elution of the segments from the polyacrylamide gel could stay with the RNA samples and increase the viscosity of the solutions. This artefact, however, is corrected for by extrapolation to zero concentration of RNA (cf. Fig. 3 ). The latter interpretation is also in accordance with the finding in Figures 3a and b that different segments, particularly segment 3 and 5, show different dependencies upon concentration.
The corrected sedimentation coefficients of all segments studied are listed in Table 1 . 
Cj to C4 and A^ to A 4 are slightly depend upon d; the exact relationships are given by Yamakawa and Fujii (15) . M L was taken as 241.0 A" 1 which is the value for a RNA 11-helix with 660 daltons and 2.74 A helical rise per base pair (12, 30) . Values for x'^ and d were obtained from a least square fit of the formulas to the experimental s-values. This fit is shown in estimate the accuracy of the value for the persistence length, the curves with a deviation of ±20% for 1/2 " 1 were added to the graph.
DISCUSSION
The persistence length of dsRNA was determined from the dependence of the s-value upon the molecular weight. A series of RNA pieces varying in size but homogeneous in structure had to be studied. The segments of rotavirus RNA were very suitable for this purpose. They had, however, to be prepared as isolated segments by elution from gel pieces after preparative electrophoresis. Problems due to small amounts of RNA and to impurities from residual gel material could be circumvented by applying the analytical ultracentrifuge with a fluorescence detection system. Although less than 5% of all available binding sites on the RNA were occupied by the fluorescent dye ethidium, the sensitivity of the instrument turned out to be so high that a total amount of 10-20 ng RNA was sufficient to determine an s-value. This is nearly thousand times more sensitive than the conventional UV-absorption optics. Because of the extreme sensitivity, influences on s-values due to RNA concentration, to intercalating dye, and to impurities carried over from the gel could be eliminated.
As evident from the graph in Fig. 4 , the experimental s-values could be fitted consistently to the theory given by Yamakawa and Fujii (15) . It demonstrates that the hydrodynamic properties of the different pieces of dsRNA may be described adequately by elastic cylinders with a unique persistence length. The value of 1125 A obtained from the best fit is quite accurate; the fits with 850 A and 1350 A, respectively, are outside the limits of experimental error. It was estimated that the value of 1125 A for the persistence length is accurate within -100 A. As outlined above, this value is not influenced by concentration effects of the polymer, nor by the intercalating dye or by impurities. It is, however, characteristic for a particular ionic strength, which was 0.5 M NaCl in these experiments. We have chosen the high value of ionic strength because comparable data of DNA and viroids have been obtained under those test conditions. Furthermore, at high ionic strength the intramolecular repulsion of the negatively charged phosphates of the backbone is shielded and, therefore, the persistence length reflects mainly the structural stiffness from internal forces as base stacking and hydrogen bonding.
The results on the hydrodynamic features of dsRNA complete the structural data of nucleic acids in solution. As known from X-ray analysis (cf. 12) dsRNA is a double-helix in the A-form. It is commonly described as being more compact than the B-form; it means that the helical rise is lower, 2.74 A instead of 3. 30 A we found for dsRNA. One has to take into account, however, that the hydrated radius of A-DNA had to be determined in more than 60% alcohol.
Also the value of 30 A reported in this work is still higher than that of dsDNA in the B-form (28 A), measured under very similar conditions (17) .
Because the unhydrated radius of both cylindrical polymers is very similar, one has to assume that the difference originates from the difference in hydration. In fact, heavy hydration has been found in crystals of ApU as well as in crystals of GpC (48, 49) . Therefore, at present it cannot be decided whether the thicker hydration shell is characteristic for the Aform compared to the B-form or for RNA compared to DNA.
The comparison of chain flexibility of nucleic acids is not restricted to the A-and B-form, but may be extended to even more flexible or to more stiff nucleic acids. For viroid RNA, which forms a rod-like structure of an unbranched series of short double-helices and small internal loops, a persistence length of 300 A was derived from sedimentation studies (43). This suggests that small internal loops induce a high degree of flexibility but do not invalidate the model of an elastic cylinder. The sedimentation data on viroids, dsDNA in the B-form and dsRNA are summarized in Fig. 5 , which
shows the different behavior for low and high molecular weights. As the other extreme, for DNA in the Z-form a very high persistence length of 2080
A was obtained from light scattering data (20).
The main purpose of this work was to study the solution behavior of iso- 
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